Abstract. A study of the kinematics of the α-d coincidences in the 6 Li + 59 Co system at a bombarding energy of E lab = 29.6 MeV is presented. With exclusive measurements performed over different angular intervals it is possible to identify the respective contributions of the sequential and direct projectile breakup components. The angular distributions of both breakup components are fairly well described by the Continuum-Discretized Coupled-Channels framework (CDCC). Furthermore, a careful analysis of these processes using a semiclassical approach provides information on both their lifetime and their distance of occurrence with respect to the target. Breakup to the low-lying (near-threshold) continuum is delayed, and happens at large internuclear distances. This suggests that the influence of the projectile breakup on the complete fusion process can be related essentially to direct breakup to the 6 Li high-lying continuum spectrum.
fusion cross sections or complete fusion (CF) cross sections has proved to be important for a better understanding of the competition between the different mechanisms and their respective influence on the fusion process. The contributions of sequential projectile breakup (SBU) and direct projectile breakup (DBU) are both significant and it is necessary to determine which process influences CF most. In this case, a study of the breakup dynamics could provide decisive information.
The direct breakup DBU seems to be the main cause of the above-barrier CF suppression in the 9 Be + 208 Pb system, as shown in [25] through sub-barrier measurements of the breakup probability as a function of the distance of closest approach. This is a key ingredient for a novel classical trajectory model with stochastic breakup [26] which quantitatively relates the breakup process to the ICF and CF cross sections.
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In this work, we present the results of α-d coincidence measurements (non-capture breakup events) for the 6 Li + 59 Co system at a bombarding energy of E lab = 29.6 MeV, about twice the energy of the Coulomb barrier. The same analysis can be applied and similar conclusions may be drawn for the other lower energies studied in our previous work [2] . However, we have chosen to present the results for the highest available energy since it exhibits the largest measured exclusive cross sections, i.e. the statistics for binary (projectile breakup and transfer) events are high enough to allow a very careful semiclassical analysis. By using a simple 3-body kinematics analysis we demonstrate that the incomplete fusion (ICF) and/or transfer (TR)
processes on the one hand, and the projectile breakup components (SBU and DBU) on the other, are associated with quite different angular intervals. In ref. [2] we presented results from singles measurements which show that there is a significant contribution of the ICF/TR processes, i.e. no distinction between the contributions of ICF and TR was possible. In order to gather informations on this important subject, in this work we also present the results of an investigation of the breakup dynamics, by means of calculations related to semiclassical considerations [27] involving barrier tunnelling, lifetimes and distances of closest approach for the Coulomb trajectories of the projectile and outgoing fragments. Through this analysis with exclusive measurements we intend to study the influence of the breakup on CF by determining the distance of occurrence from the target of the SBU and DBU components.
interesting to note that the energy spectra were not at all affected by the relatively large thickness of the target, as shown by Fig. 1 Additional details of the experimental setup and light charged particle analysis can be found elsewhere [2, 28] .
Results and discussion
In a previous publication [2] , we investigated the kinematics of the inclusive α and d energy spectra. After subtraction of the estimated compound nucleus contributions, broad bumps with significant yields remained in both the These processes are represented, respectively, as follows:
The corresponding excitation energies (associated with the energy centroids of the bumps) were 24.6 MeV and to the scenario previously defined as b) with d-ICF) that are much larger than TR cross sections. It is also interesting to note that these non-resonant contributions were assumed to arise exclusively from DBU in the case of the 6 Li + 209 Bi reaction [6] at E lab = 36 MeV and 40 MeV whereas ICF yields were found to represent a large fraction of the total reaction cross section in this energy range [12] .
Kinematics of the α-d coincidences
In order to identify the contributions of the different mechanisms included in the broad structures, we performed a 3-body kinematics [30] 
Breakup dynamics
In order to gain insight into the dynamics of the SBU and DBU processes, we use a semiclassical approximation, following the procedure previously adopted in [33] . This hypothesis is valid as long as the Sommerfeld parameter η is large (η ∼ 6). High partial waves of the projectiletarget relative motion dominate the non-capture breakup process, so the effect of the nuclear field on the projectile trajectory is very small. We can then assume that the projectile travels through the target nuclear field following a Coulomb trajectory. This statement is also valid for the breakup fragments, as long as the relative energies are not too high.
The relation between the angle of emission and the distance of closest approach is:
where Z p and Z T are the projectile and target charge numbers, E is the centre-of-mass energy and θ is the scattering angle.
In order to obtain information on the distances of closest approach related to the occurrence of SBU and DBU, we define a quantity f which may be considered as the relative probability for the production of particles for a given process at a given distance of closest approach. The quantity f may be defined as follows:
Here, dσ/dΩ is the differential cross section in the centreof-mass rest frame for the process under consideration. 
fig. 1(d).
In this case, the SBU is observed in the kinematical limit of the SBU cone, making the distinction between SBU and DBU more difficult. In order to overcome this problem, we adopted the procedure of calculating the cross section and subtracting the corresponding value of the SBU already determined in previous work [2] for the situation depicted in fig. 1(b) , where there is no problem with the distinction between SBU and DBU. The clear separation of two sharp peaks, as well as their widths, in fig. 1(b) indicates that the broad structure observed in fig. 1(d) can not be related to effects of energy loss due to the target thickness. The curves presented in fig. 3 were used for the calculation of the f functions shown in fig. 4 as a function of R min for the SBU and DBU processes. In particular, a fit to the experimental data represented by the solid curve was used for DBU. From the three curves in fig. 4 , the quantity R MP min , the most probable value for R min for the process of interest, is obtained.
The dip in the angular distributions is probably due to the effect of nuclear-Coulomb interference at forward angles (∼ 20 • ). This confirms that, as the incident energy is fairly high with respect to the Coulomb barrier, the nuclear effects persist to quite forward angles. In fig. 4 , this interference effect is associated with a large R min ( 15 fm). If we took into account the nuclear interaction, essentially the tail of the f distribution would be affected.
Therefore, we expect that the value of R MP min , and consequently the conclusions regarding the breakup distances of occurrence will not change.
In this work we also obtained insight into the lifetimes and distance of occurrence from the target for the SBU and DBU processes. In particular, for SBU we observed In order to estimate the DBU lifetime due to barrier tunnelling, we adopt the model of [27] , where it was assumed that, as in the theory of α decay, the decay rate of the unbound system can be written as:
where ω l is the barrier bouncing frequency, and P l is the barrier transmission probability. Considering that we are dealing with relatively low α-d relative energies, only the s-wave case for which l = 0 will be considered, for simplicity. In this situation, the bouncing frequency can be estimated as being ω 0 = v αd /2R, where v αd is the α-d relative velocity and R, the nuclear radius. The barrier transmission probability, according to the WKB approximation, is given by:
where η = Z α Z d e 2 / v αd is the Sommerfeld parameter and Following Coulomb excitation first order perturbation theory [34] and using the time of Coulomb excitation as the reference for measuring the lifetime [27] , one can estimate the distance between projectile and target when DBU occurs. According to [34, 27] , in the focal system of the hyperbolic orbit, the distance between projectile and target can be written as:
Here, a is half the distance of closest approach for a head-on collision, ε is the eccentricity parameter, given by 
where v is the initial relative velocity of projectile and target.
As described above, from eq. 3 and l = 0, we can determine the lifetime τ DBU = 1/Λ DBU for the DBU states near threshold. In fig. 6 we present the plot of τ DBU (E lab = 29. fig. 4 , respectively.
Γ SBU = (0.024 ± 0.002) MeV [35] . The results described above are summarized in table 2. Note that the values of r obtained through the two functions f for DBU in fig. 4 are very similar. The results obtained in this work are related to the non-capture breakup processes as defined in ref. [9] . However, they can also be extended to the case in which only one of the cluster constituents of the projectile is captured by the target after projectile breakup. As observed in ref. [2] , from the investigation of the inclusive data, the ICF/TR component has been found to have the largest cross section, and therefore has the major influence on the CF cross section. This conclusion appears to be also valid for a heavy target reaction such as 6 Li + 209 Bi [6] or 6 Li + 198 Pt [29] . Our results as well as refs. [6, 29] 
Summary
In a previous study of the reaction mechanisms in the Co the influence of breakup on the CF process is essentially due to DBU to the 6 Li high-lying continuum spectrum, i.e., the flux diverted from CF to ICF is due to DBU states.
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